Abbreviations
=============

ABA

:   abscisic acid

ATG

:   autophagy-related

CDS

:   coding DNA sequence

ChIP

:   chromatin immunoprecipitation

EL

:   electrolyte leakage

EMSA

:   electrophoretic mobility shift assay

Hsf

:   heat-shock transcription factor

HSE

:   heat-shock element

Hsp

:   heat-shock protein

MDC

:   monodansylcadaverine

OE

:   overexpressing

PE

:   phosphatidylethanolamine

PTM

:   protein post-translational modification

RWC

:   relative water content

TEM

:   transmission electron microscopy

TF

:   transcription factor

TOR

:   target of rapamycin

TRV

:   tobacco rattle virus

Ub

:   ubiquitin

UPS

:   ubiquitin-26S proteasome system

VIGS

:   virus-induced gene silencing

WT

:   wild-type

Introduction {#s0001}
============

Plants are often exposed to abiotic and biotic stresses (i.e. extreme temperatures, salt, drought, heavy metals, fungi and bacteria) that adversely affect their physiological traits, metabolic pathways, and protein activity. Repair or degradation of misfolded and damaged proteins, which are induced by stresses and are highly toxic to cell, relies on an elaborately regulated protein quality control system.[@cit0001] Molecular chaperones such as heat-shock proteins (Hsps) can promote folding and refolding of denatured proteins and the protein degradation systems such as autophagy and the ubiquitin-26S proteasome system (UPS) to remove damaged and misfolded proteins.[@cit0002] These processes are regulated by complex signaling networks including signaling molecules, protein kinases and transcription factors (TFs).[@cit0004]

Autophagy is an evolutionarily conserved protein degradation process in eukaryotes. The process is involved in the degradation of unnecessary or dysfunctional cellular components under environmental stress conditions or during certain stages of development.[@cit0007] During autophagy, cells create double-membrane-bound compartments called phagophores that engulf cytoplasmic components; the phagophore expands and seals to form a double-membrane autophagosome. Then, the outer membrane of the autophagosome fuses with the tonoplast to release the internal vesicle as an autophagic body that will be recycled within the vacuole.[@cit0008] More than 30 autophagy-related (*ATG*) genes, which encode core autophagic machineries and are the main genetic regulators of the autophagy process have been identified in plants over the last 20 years.[@cit0009]

Although the critical roles of plant autophagy have been well established in a wide spectrum of biological processes, including stress responses, our understanding of the regulation and action mechanisms of plant autophagy is extremely limited. Most research on the mechanisms underlying autophagy regulation has traditionally focused on the TOR (target of rapamycin) kinase.[@cit0011] Silencing of the *TOR* gene in *Arabidopsis* leads to the constitutive formation of autophagosomes, indicating that TOR is a negative regulator of autophagy in plants.[@cit0012] Furthermore, a NADPH oxidase inhibitor blocks autophagy induction upon nutrient starvation and salt stress but not osmotic stress.[@cit0013] Thus, ROS may mediate the induction of autophagy during some, but not all, stress conditions. We recently reported that silencing of the tomato *WRKY33* transcription factor genes compromise tomato heat tolerance and reduce heat-induced *ATG* gene expression and autophagosome accumulation, suggesting the possible involvement of tomato WRKY33 in *ATG* induction.[@cit0014] However, little information is available concerning the transcriptional regulation of plant autophagy genes under other stress conditions.

Heat-shock transcription factors (Hsfs) are a family of TFs found in all organisms that function as regulators of the genes encoding molecular chaperones and other stress proteins and enable survival following exposure to acute stress.[@cit0015] Plants possess a uniquely complex Hsf family, with 21 members defined in *Arabidopsis thaliana*, 25 members in rice (*Oryza sativa*) and 24 members in tomato (*Solanum lycopersicum*).[@cit0016] These Hsfs are classified into 3 conserved evolutionary categories (A, B and C) according to the structural features of their oligomerization domains.[@cit0018] Class A Hsfs contain the transcriptional activation domain that is characterized by aromatic, large hydrophobic, and acidic amino acid residues. Class B and C Hsfs lack this particular amino acid motif and cannot induce transcriptional activation alone.[@cit0018] There are 4 HsfA1 members in the class A1 group (HsfA1a, HsfA1b, HsfA1c and HsfA1e).[@cit0020] HsfA1a is a master regulator that functions both as an activator and as a repressor of its target genes under heat-shock stress.[@cit0022] Exposure to heat stress leads to oligomerization of HsfA1a into active trimers, followed by its translocation into the nucleus and binding to the heat-shock elements (HSEs) located within the promoter regions of target genes (i.e., *HsfA2, Hsp70*, and *Hsp90*).[@cit0024] HsfA1a can also interact with the HsfA2, Hsp70, and Hsp90 proteins to form a heterooligomeric complex that exhibits a versatile ability to regulate the plant stress response.[@cit0024] Transgenic *Arabidopsis* and tomato plants overexpressing HsfA1a proteins show constitutive heat-shock protein synthesis and exhibit enhanced basic thermotolerance.[@cit0026] In addition to heat stress, HsfA1a also mediates plant tolerance to salt, drought and oxidative stresses by inducing genes encoding Hsp proteins.[@cit0022] However, the functions of HsfA1a in the regulation of the expression of non-heat-shock responsive genes under stress conditions are less well understood.

To better understand the mechanistic basis of autophagy regulation in plant stress responses, we sought to identify and functionally analyze the involvement of HsfA1a in autophagy under drought stress. Gene overexpression and tobacco rattle virus (TRV)-induced gene silencing (VIGS) have been extensively used for functional gene analysis in plants including *Arabidopsis*,[@cit0028] *Nicotiana* species[@cit0029] and tomato,[@cit0030] despite their potential complications associated with high levels of transgene products and viral infection, which can be largely overcome by using appropriate controls. We showed that HsfA1a, a transcription factor with a broad role in plant abiotic stress responses, was a positive regulator of drought-induced autophagy. Using an electrophoretic mobility shift assay (EMSA) and chromatin immunoprecipitation coupled with qPCR (ChIP-qPCR) analysis, we revealed that HsfA1a directly bound to the promoters of 2 autophagy genes (*ATG10* and *ATG18f*). Silencing these 2 autophagy genes compromised HsfA1a-mediated plant drought tolerance and autophagosome production. This is the first study to demonstrate that the multifunctional transcription factor HsfA1a is responsive to drought treatment and plays a positive role in induction of the *ATG10* and *ATG18f* genes and the formation of autophagosomes under drought stress. HsfA1a acts as a positive regulator in autophagy-induced drought tolerance in the tomato plants.

Results {#s0002}
=======

Induction of the *HsfA1a* gene and the phenotypes of plants with silenced or overexpressed *HsfA1a* under drought stress {#s0002-0001}
------------------------------------------------------------------------------------------------------------------------

To analyze the possible involvement of HsfA1a in plant dehydration tolerance, we first examined the expression pattern of *HsfA1a* in response to drought stress. As shown in [**Fig. 1A**](#f0001){ref-type="fig"}, the transcript level of the *HsfA1a* gene remained largely constant throughout the 13-day experimental period under normal water supply conditions. However, when water was withheld, the *HsfA1a* transcript level was increased by as early as the 3rd day and remained elevated up to 13 d under dehydration stress ([**Fig. 1A**](#f0001){ref-type="fig"}). Notably, the largest increase in the *HsfA1a* transcript level was observed after 6 d under drought stress, when the plants began to show symptoms of dehydration ([**Fig. 1A**](#f0001){ref-type="fig"}). Figure 1.Functional analysis of *HsfA1a* in response to drought stress in tomato leaves. (**A**) The expression of *HsfA1a* in the WT plants under drought stress. Six-wk-old tomato WT Ailsa Craig plants were exposed to dehydration by withholding water. Total RNA was isolated from leaf samples of the WT plants at the indicated times. (**B and C**) Reduced or increased tomato drought tolerance in TRV-*HsfA1a* or *HsfA1a*OE plants. Six-wk-old plants in soils were exposed to dehydration by withholding water for 13 d. Bars: 10 cm. (**D**) Relative water content (RWC) of the terminal leaflets were determined immediately after 13 d of control or drought treatment in TRV and TRV-*HsfA1a* plants or WT and *HsfA1a*OE plants. All data are presented as the means of 5 biological replicates (± SE). Means with the same letter did not significantly differ at *P*\< 0.05 according to Duncan multiple range test. Three independent experiments were performed with similar results. 1\# and 3\#, 2 lines of *HsfA1a*OE plants; OE, overexpressing; WT, wild-type.

To directly analyze the role of HsfA1a in drought tolerance, we compared WT and F2 progeny of *HsfA1a*-overexpressing (*HsfA1a*OE) plants from 2 independent lines (1\# and 3\#) expressing high HsfA1a protein levels (**Fig. S1**). We also analyzed *HsfA1a*-silenced (TRV-*HsfA1a*) plants, which had only 30 to 40% of *HsfA1a* transcript levels of the TRV control plants (**Fig. S2**). The transcript levels of other 3 *HsfA1* homologous genes (*HsfA1b, HsfA1c* and *HsfA1e*) were not changed in the TRV-*HsfA1a* plants when compared to those of the TRV control plants (**Fig. S2**). Only some margins of old leaves displayed symptoms of dehydration after withholding water for 13 d in the drought-treated TRV and WT plants, whereas a majority of the leaves remained green ([**Fig. 1B and C**](#f0001){ref-type="fig"}). In contrast, a majority of the leaves from TRV-*HsfA1a* plants exhibited extensive wilting after 13 d under drought stress ([**Fig. 1B**](#f0001){ref-type="fig"}). The relative water content (RWC) was similar in all the plants under normal water supply ([**Fig. 1D**](#f0001){ref-type="fig"}). However, the RWC of TRV-*HsfA1a* plants was 36.4% less than that of TRV plants under drought stress ([**Fig. 1D**](#f0001){ref-type="fig"}). The RWC of *HsfA1a*OE-1\# and *HsfA1a*OE-3\# was 24.7% and 29.4%, respectively, higher than that of WT plants after 13 d under drought stress ([**Fig. 1D**](#f0001){ref-type="fig"}). Furthermore, the electrolyte leakage (EL) value of TRV-*HsfA1a* plants was similar to that of TRV plants when they were grown with a normal water supply. However, the EL value of TRV-*HsfA1a* plants was 58.7% higher than the TRV plants after 13 d of drought stress (**Fig. S3**). Drought tolerance was significantly increased in both lines of *HsfA1a*OE plants, and the EL values of *HsfA1a*OE-1\# and *HsfA1a*OE-3\# were reduced by 47.1% and 53.3%, respectively, when compared with those of the WT plants after 13 d under drought stress ([**Fig. 1C**](#f0001){ref-type="fig"} **and Fig. S3**). Thus, the membrane integrity was more sensitive in TRV-*HsfA1a* plants than that of TRV plants. By contrast, the membrane integrity of plants overexpressing *HsfA1a* was more resistant than that of the WT plants under drought stress.

Association of drought sensitivity or tolerance and the protein--ubiquitin conjugates in *HsfA1a*-silenced or -overexpressing plants under drought stress {#s0002-0002}
---------------------------------------------------------------------------------------------------------------------------------------------------------

Drought is known to induce plant stomatal closure and abscisic acid (ABA) accumulation. To determine whether *HsfA1a* was involved in stomatal closure and ABA accumulation under drought stress, we silenced the *HsfA1a* gene and overexpression of *HsfA1a* in tomato plants and analyzed the stomatal aperture and ABA content. As shown in [**Fig. 2**](#f0002){ref-type="fig"}, the stomata were open in TRV, TRV-*HsfA1a*, WT and *HsfA1a*OE plants, and the ratio of stomatal aperture length over width (which indicates the degree of stomatal closure) and ABA content were similar under normal water conditions. However, the stomata of TRV plants were closed and the ratio of stomatal aperture length over width and ABA accumulation were significantly increased after 6 d under drought stress (84.6% and 137.6%, respectively; [**Fig. 2B and C**](#f0002){ref-type="fig"}). Interestingly, the stomatal closure was more pronounced in *HsfA1a*-silenced plants after 6 d under drought stress ([**Fig. 2A**](#f0002){ref-type="fig"}). Moreover, the ratio of stomatal aperture length over width and ABA accumulation were more increased in TRV-*HsfA1a* plants than that of TRV plants after 6 d under drought stress ([**Fig. 2B and C**](#f0002){ref-type="fig"}). Meanwhile, the stomatal aperture in *HsfA1a*OE plants was higher and ABA contents were significantly decreased when compared with those of WT plants after 6 d under drought stress ([**Fig. 2D, E and F**](#f0002){ref-type="fig"}). These results indicate that endogenous ABA and stomatal closure are more sensitive in TRV-*HsfA1a* plants under drought stress and are therefore not likely to account for HsfA1a-mediated tomato drought tolerance. Figure 2.Stomatal aperture and ABA content in TRV-*HsfA1a* and *HsfA1a*OE plants after 6 d under drought stress. (**A**) Microphotographs of stomata observed in TRV and TRV-*HsfA1a* plants under drought stress. Bars: 10 µm. (**B**) Ratio of stomatal aperture length over width were plotted for the TRV and TRV-*HsfA1a* plants under drought stress. The data are presented as the means of 5 biological replicates (± SE); each replicate represents the average stomatal aperture of 150 randomly selected stomata. (**C**) Accumulation of ABA in TRV and TRV-*HsfA1a* plants under drought stress. (**D**) Microphotographs of stomata observed in WT and *HsfA1a*OE plants under drought stress. Bars: 10 µm. (**E**) Ratio of stomatal aperture length over width were plotted for the WT and *HsfA1a*OE plants under drought stress. The data are presented as the means of 5 biological replicates (± SE); each replicate represents the average stomatal aperture of 150 randomly selected stomata. (**F**) Accumulation of ABA in WT and *HsfA1a*OE plants under drought stress. The data are presented as the means of 5 biological replicates (± SE). Means with the same letter did not significantly differ at *P*\< 0.05 according to the Duncan multiple range test. Three independent experiments were performed with similar results. OE, overexpressing; WT, wild-type.

We have previously reported that compromised stress tolerance of mutants for autophagy and WRKY33 is associated with increased accumulation of ubiquitinated protein aggregates under abiotic stress.[@cit0014] Due to the important role of HsfA1a in plant tolerance to abiotic stresses, we examined whether there was an increased accumulation of ubiquitinated drought-induced protein aggregates in *HsfA1a*-silenced plants. As shown in [**Fig. 3A**](#f0003){ref-type="fig"}, the levels of insoluble protein aggregates were similar in TRV and TRV-*HsfA1a* plants under normal water supply conditions. However, the level of insoluble protein aggregates in TRV-*HsfA1a* plants was approximately 93.8% higher than in TRV plants after 13 d under drought stress ([**Fig. 3A**](#f0003){ref-type="fig"}). We separated the total proteins to soluble and insoluble proteins and stained with Coomassie brilliant blue. As shown in **Fig. S4A**, the accumulation of insoluble proteins was increased under drought stress, especially in *HsfA1a*-silenced plants, while, the soluble proteins were decreased which were associated with the increasing of insoluble proteins based on the migration patterns. Thus, the profuse accumulation of insoluble proteins under drought stress was likely to be transferred from the soluble proteins. To determine whether these insoluble proteins were ubiquitinated, we isolated total, soluble and insoluble proteins from TRV and TRV-*HsfA1a* plants collected under normal water supply conditions and after 13 d of drought stress. The proteins were separated with SDS-PAGE and analyzed for ubiquitination using an anti-ubiquitin monoclonal antibody. As shown in [**Fig. 3B**](#f0003){ref-type="fig"}, similar levels of ubiquitinated proteins were observed in the soluble fractions in these plants with or without drought stress. Drought stress induced slight accumulation of ubiquitinated proteins in the insoluble proteins of TRV plants. However, the accumulation of ubiquitinated proteins was drastically increased in the insoluble protein aggregates of TRV-*HsfA1a* plants compared with the TRV plants after 13 d of drought stress ([**Fig. 3B**](#f0003){ref-type="fig"}). Furthermore, the levels of insoluble protein aggregates did not display significant difference between WT and *HsfA1a*OE plants under normal water supply conditions ([**Fig. 3C**](#f0003){ref-type="fig"}). The levels of insoluble protein aggregates in *HsfA1a*OE-1\# and *HsfA1a*OE-3\# were 23.1% and 25.4% lower than those of WT plants after 13 d under drought stress ([**Fig. 3C**](#f0003){ref-type="fig"}**, Fig. S4B**). We also observed similar levels of ubiquitinated proteins in the soluble fractions in WT and *HsfA1a*OE plants with or without drought stress ([**Fig. 3D**](#f0003){ref-type="fig"}). The accumulation of ubiquitinated proteins in the insoluble proteins of *HsfA1a*OE plants were decreased after 13 d withholding water compared with the WT plants ([**Fig. 3D**](#f0003){ref-type="fig"}). Figure 3.Accumulation and ubiquitination of insoluble proteins in TRV, TRV-*HsfA1a*, WT and *HsfA1a*OE plants under drought stress. (**A**) Accumulation of insoluble proteins in TRV and TRV-*HsfA1a* plants under drought stress. Leaf tissues from TRV and TRV-*HsfA1a* plants collected at d 13 under drought stress for the preparation of total, soluble and insoluble proteins as described in the Materials and Methods. Total proteins in the starting homogenates and insoluble proteins in the last pellets were determined for the calculation of the percentages of insoluble proteins to total proteins. The data are presented as the means of 5 biological replicates (± SE). Means with the same letter did not significantly differ at *P*\< 0.05 according to the Duncan multiple range test. (**B**) Ubiquitination of insoluble protein aggregates in TRV and TRV-*HsfA1a* plants collected at day 13 under drought stress. Proteins from the starting homogenates (T), first supernatant fractions (S) and last pellet fractions (P) were subjected to SDS-PAGE and probed with an anti-ubiquitin monoclonal antibody. Three independent experiments were performed with similar results. (**C**) Accumulation of insoluble proteins in WT and *HsfA1a*OE plants under drought stress. Leaf tissues from WT and *HsfA1a*OE plants collected at d 13 under drought stress for the preparation of total, soluble and insoluble proteins as described in Materials and Methods. Total proteins in the starting homogenates and insoluble proteins in the last pellets were determined for the calculation of the percentages of insoluble proteins to total proteins. The data are presented as the means of 5 biological replicates (± SE). Means with the same letter did not significantly differ at *P* \< 0.05 according to the Duncan multiple range test. (**D**) Ubiquitination of insoluble protein aggregates in WT and *HsfA1a*OE plants collected at day 13 under drought stress. Proteins from the starting homogenates (T), first supernatant fractions (S) and last pellet fractions (P) were subjected to SDS-PAGE and probed with an anti-ubiquitin monoclonal antibody. Three independent experiments were performed with similar results.

Expression of *autophagy-related* (*ATG*) genes and formation of autophagosomes under drought stress {#s0002-0003}
----------------------------------------------------------------------------------------------------

To analyze whether autophagy involved in HsfA1a-induced drought tolerance, we first examined the expression of 26 autophagy genes identified from the Sol Genomics Network (<http://solgenomics.net/>) in response to drought stress. As shown in **Fig. S5**, the transcript levels of several *ATG* genes were slightly increased at the 3rd day and most *ATG* gene expression was highly elevated at the 6th day under drought stress when the plants started to show symptoms of dehydration. We compared 20 drought-induced *ATG* genes to further assess the expression patterns of those genes in *HsfA1a*-silenced and *HsfA1a*OE plants after 6 d under drought stress. As shown in [**Fig. 4**](#f0004){ref-type="fig"}, the transcript levels of these *ATG* genes in TRV-*HsfA1a* or *HsfA1a*OE plants were similar with the levels in TRV or WT plants when they were grown with a normal water supply. However, the expression levels of *ATG10* and *ATG18f* in TRV-*HsfA1a* plants were 50.6% and 64.0% lower than those of TRV plants, respectively, under drought stress conditions ([**Fig. 4**](#f0004){ref-type="fig"}). Furthermore, the expression of *ATG10* and *ATG18f* in *HsfA1a*OE-1\# and *HsfA1a*OE-3\# plant was significantly increased compared with WT plants after 6 d of drought stress ([**Fig. 4**](#f0004){ref-type="fig"}). Whereas, other 18 *ATG* genes, which were induced by drought stress in WT plants, were similar in VIGS and OE plants when compared with their own control plants ([**Fig. 4**](#f0004){ref-type="fig"}). These results indicated that the expression of many *ATG* genes was induced under drought stress and *ATG10* and *ATG18f* induction under drought stress was HsfA1a-dependent. Figure 4.Induction of autophagy genes by drought stress in TRV, TRV-*HsfA1a*, WT and *HsfA1a*OE plants. Six-wk-old tomato plants were exposed to dehydration by withholding water and total RNA was isolated from leaf samples collected on d 6. Transcript levels were determined using qRT-PCR. All data are presented as the means of 5 biological replicates (± SE). Means with the same letter did not significantly differ at *P*\< 0.05 according to the Duncan multiple range test. Three independent experiments were performed with similar results.

To investigate the effect of HsfA1a on drought-induced autophagy, we used monodansylcadaverine (MDC) as a probe to detect autophagic activity in *HsfA1a*-silenced and -overexpressing plants. MDC is an autofluorescent dye that stains plant autophagosomes.[@cit0014] Under normal water supply conditions, we observed low numbers of punctate fluorescent signals in TRV, TRV-*HsfA1a*, WT and *HsfA1a*OE plants ([**Fig. 5A and B**](#f0005){ref-type="fig"}). After a 6-day drought treatment, the numbers of punctate fluorescent signals increased by approximately 2.0- to 2.5-fold in the TRV and WT plants ([**Fig. 5A and B**](#f0005){ref-type="fig"}). Importantly, the number of punctate fluorescence signals after drought stress was substantially reduced in the TRV-*HsfA1a* plants compared to the drought-treated TRV plants ([**Fig. 5A and C**](#f0005){ref-type="fig"}). However, the number of punctate fluorescence signals was significantly increased in *HsfA1a*OE plants compared with the drought-treated WT plants ([**Fig. 5B and C**](#f0005){ref-type="fig"}). Figure 5.Visualization of the accumulation of autophagosomes in tomato leaves under drought stress. (**A** **and B**) MDC-stained autophagosomes in the leaves of TRV and TRV-*HsfA1a* or WT and *HsfA1a*OE plants. Six-wk-old plants were exposed to dehydration by withholding water and the leaves were MDC-stained and visualized on day 6 by fluorescence confocal microscopy. MDC-labeled structures are shown as green signals. Bars: 25 μm. (**C**) Relative autophagic activity normalized to the activity of the TRV or WT control plants in (**A and B**). The MDC-stained autophagosomes in leaves at each treatment were quantified to calculate the autophagic activity relative to TRV or WT control plants, which was set to 1. More than 300 mesophyll cells for each treatment were used for the quantification. (**D** **and E**) Representative transmission electron microscopy (TEM) images of autophagic structures in the mesophyll cells of TRV and TRV-*HsfA1a* or WT and *HsfA1a*OE plants. Six-wk-old plants were exposed to dehydration by withholding water and the mesophyll cells were visualized on d 6 by TEM. Autophagic bodies are indicated by red arrows. Bars: 1 µm. (**F**) Relative autophagic activity normalized to the activity of the TRV or WT control plants in (**D and E**). More than 20 cells were used to quantify autophagic structures. (**G** **and H**) Atg8 protein levels in the leaves of TRV and TRV-*HsfA1a* plants or WT and *HsfA1a*OE plants. Atg8 and Atg8--PE are the nonlipidated and lipidated forms of Atg8, respectively. The Rubisco large subunit was used as a loading control for the western blotting analysis. Results represent the means ± SE. Means with the same letter did not significantly differ at *P*\< 0.05 according to the Duncan multiple range test. Three independent experiments were performed with similar results. Cp, chloroplast; V, vacuole; S, starch; OE, overexpressing; WT, wild-type; 1\# and 3\#, 2 lines of *HsfA1a*OE plants.

To confirm these results, we used transmission electron microscopy (TEM) to monitor autophagic activity under drought stress. In agreement with the results of MDC staining, TEM showed few autophagosomes and autophagic bodies in all of the plants under normal water supply conditions, whereas the numbers of both classic double-membrane autophagosomes in the cytoplasm and signal-membrane autophagic bodies in the vacuole were increased by 4.0- to 4.5 fold in the TRV and WT plants after 6 d of drought stress ([**Fig. 5D and E**](#f0005){ref-type="fig"}). The number of autophagosomes and autophagic bodies only increased by 1.5-fold in TRV-*HsfA1a* plants, but increased by 9.0-fold in *HsfA1a*OE plants after 6 d of drought stress ([**Fig. 5D, E and F**](#f0005){ref-type="fig"}).

Atg8 has been widely used to monitor autophagosomes. To further examine the induction of autophagy, we used western blotting to analyze the formation of Atg8--phosphatidylethanolamine (PE) conjugates as a marker for autophagic activation using an anti-Atg8a antibody.[@cit0033] Under normal water supply conditions, we could barely detect the Atg8--PE band in tomato plants ([**Fig. 5G and H**](#f0005){ref-type="fig"}). Faster migration of the Atg8--PE bands was observed in TRV and WT plants after 6 d of drought stress ([**Fig. 5G and H**](#f0005){ref-type="fig"}). In contrast, Atg8--PE was significantly decreased in TRV-*HsfA1a* plants but was more abundant in *HsfA1a*OE plants after drought stress ([**Fig. 5G and H**](#f0005){ref-type="fig"}). Taken together, these results suggest that HsfA1a is involved in both drought-induced expression of *ATG10* and *ATG18f* genes and autophagosome formation.

Binding of HsfA1a to the *ATG10* and *ATG18f* promoters {#s0002-0004}
-------------------------------------------------------

To examine the possible regulation of tomato *ATG* genes by HsfA1a, we inspected 1.5 kb sequences located upstream of the predicted transcriptional start sites of 26 tomato *ATG* genes. Promoters of 5 *ATG* genes (*ATG5, ATG8e, ATG10, ATG13b* and *ATG18f*) contain HSE sequence (GAANNTTC) (**Fig. S6**). We performed an EMSA to analyze whether HsfA1a directly bound in vitro to these promoters. The signaling of probe-protein complex was not detected using *ATG5, ATG8e* and *ATG13b* probes (data not shown). However, HsfA1a bound to the *ATG10* and *ATG18f* promoter probes ([**Fig. 6**](#f0006){ref-type="fig"}). When the core sequence of HSE motif[@cit0026] in the ATG10 probe was mutated to the mutant ATG10−1Δ probe ([**Fig. 6A**](#f0006){ref-type="fig"}), the binding to the complexes was reduced ([**Fig. 6B**](#f0006){ref-type="fig"}). When additional mutations were introduced to the mutant ATG10--2Δ probe ([**Fig. 6A**](#f0006){ref-type="fig"}), the binding by HsfA1a was totally lost ([**Fig. 6B**](#f0006){ref-type="fig"}). Similarly, the binding signal to the complex was not detected when the HSE sequence in the ATG18 probe was mutated to the mutant ATG18fΔ probe ([**Fig. 6A and C**](#f0006){ref-type="fig"}). These results suggest that the HsfA1a protein specifically binds to the HSE sequences in the synthesized probes of the *ATG10* and *ATG18f* promoters *in vitro*. Figure 6.HsfA1a binds to the promoters of *ATG10* and *ATG18f in vitro* and *in vivo*. (**A**) Oligonucleotide used in the electrophoretic mobility shift assays (EMSA). The ATG10 probe contains one direct HSE, whereas in the ATG10−1Δ and ATG10--2Δ probes the HSE core sequence was mutated. The ATG18f probe contains one direct HSE, whereas in the ATG18fΔ probe, the HSE core sequence was mutated. The WT and mutated HSE sequences are underlined. The mutated bases were indicated in red. (**B** **and C**) EMSA showing HsfA1a bound to the HSE sequences of the *ATG10* or *ATG18f* promoters. Recombinant HsfA1a was purified from *E. coli* cells and used for DNA binding assays with ATG10, ATG10−1Δ, ATG10--2Δ, ATG18f, or ATG18fΔ as the probes. His was included as the negative control. (**D**) Direct binding of HsfA1a to the *ATG10* and *ATG18f* promoters was analyzed using ChIP-qPCR in *35S-HsfA1a-HA*-overexpressing (*HsfA1a*OE) plants. Six-wk-old *HsfA1a*OE plants were exposed to dehydration by withholding water and input chromatin was isolated from leaf samples on d 6. The epitope-tagged HsfA1a-chromatin complex was immunoprecipitated with an anti-HA antibody. A control reaction was processed side-by-side using mouse IgG. Input- and ChIP-DNA samples were quantified by qRT-PCR using primers specific for the promoters of the *ATG* genes. The ChIP results are presented as percentage of the input DNA. Means with the same letter did not significantly differ at *P*\< 0.05 according to the Duncan multiple range test. Three independent experiments were performed with similar results. OE, overexpressing; 1\#, line of *HsfA1a*OE plants.

To determine whether tomato HsfA1a directly regulates the expression of these 5 *ATG* genes *in vivo*, we performed ChIP-qPCR assays to test HsfA1a protein binding to the promoters of these *ATG* genes under drought stress. As shown in [**Fig. 6D**](#f0006){ref-type="fig"}, only *ATG10* and *ATG18f* promoter sequences were substantially enriched using an anti-HA antibody that immunoprecipitated the 3HA-tagged HsfA1a transgene product in the OE lines and not the WT lines after 6 d of drought stress. In contrast, the IgG control antibody failed to pull down these 2 *ATG* gene promoter DNA segments ([**Fig. 6D**](#f0006){ref-type="fig"}). Thus, HsfA1a binds to the *ATG10* and *ATG18f* gene promoters and may directly regulate their induction under drought stress.

Identification and functional analysis of *ATG10* and *ATG18f* in HsfA1a-induced tolerance and formation of autophagosomes under drought stress {#s0002-0005}
-----------------------------------------------------------------------------------------------------------------------------------------------

To test the functions of the *ATG10* and *ATG18f* genes in HsfA1a-induced drought tolerance, *ATG10* and *ATG18f* genes were respectively silenced in WT and *HsfA1a*OE plants, and the expression of their own gene was decreased 60 to 70% in silenced plants compared with their own TRV control plants (**Fig. S7A**). Silencing of *ATG10* or *ATG18f* gene did not affect *HsfA1a* gene expression under normal water supply condition or drought stress (**Fig. S7B**). No significant differences in phenotypes, RWC and EL were observed in the *ATG10-* and *ATG18f*-silenced plants compared with TRV control plants under normal water supply condition (**Fig. S7C to E**). However, most of the leaves from *ATG10*- and *ATG18f*-silenced WT and *HsfA1a*OE plants exhibited serious wilting after 13 d of drought stress (**Fig. S7C**). The RWC of the TRV-*ATG10* and pTRV-*ATG18f* plants were 30.9% and 15.4% lower than WT TRV plants after 13 d of drought stress, respectively (**Fig. S7D**). Similarly, the RWC of the *HsfA1a*OE TRV-*ATG10* and TRV-*ATG18f* plants were decreased by 30.9% and 31.6% compared with the *HsfA1a*OE TRV plants, respectively (**Fig. S7D**). Similarly, the EL values of the TRV-*ATG10* and TRV-*ATG18f* plants were increased by 35.4% and 12.1%, respectively, compared with the WT TRV plants (**Fig. S7E**). The EL values of the *HsfA1a*OE TRV-*ATG10* and TRV-*ATG18f* plants were 131.2% and 147.2% higher than those of *HsfA1a*OE TRV plants (**Fig. S7E**).

To further investigate the role of the *ATG10* and *ATG18f* genes in the HsfA1a-mediated drought stress response, we used MDC and TEM to detect autophagic activity. We observed low numbers of punctate fluorescent signals in all of the plants under normal water supply conditions ([**Fig. 7A**](#f0007){ref-type="fig"}). The numbers of punctate fluorescent signals significantly increased in WT TRV plants after a 6-d drought treatment ([**Fig. 7A and B**](#f0007){ref-type="fig"}). However, the number of punctate fluorescence signals in all TRV-*ATG10* and TRV-*ATG18f* plants was decreased by 66.7 to 73.4%. Furthermore, the TEM results were in agreement with the results MDC staining results. Under normal water supply conditions, few autophagosomes and autophagic bodies were detected in any of the plants. The numbers of autophagosomes and autophagic bodies increased by 6-fold in WT TRV plants. However, the numbers of autophagosomes and autophagic bodies in TRV-*ATG10* and TRV-*ATG18f* plants increased only by 2.1- to 2.5-fold under drought stress ([**Fig. 7C and D**](#f0007){ref-type="fig"}). Thus, HsfA1a-induced drought tolerance and formation of autophagosomes under drought stress were largely Atg10- and Atg18f-dependent. Figure 7.Visualization of the accumulation of autophagosomes by confocal microscopy and transmission electron microscopy (TEM) in *ATG10* and *ATG18f*-silenced plants under drought stress. (**A**) MDC-stained autophagosomes in the leaves of WT TRV, TRV-*ATG10* and TRV-*ATG18f* plants or *HsfA1a*OE TRV, TRV-*ATG10* and TRV-*ATG18f* plants. Six-wk-old plants were exposed to dehydration by withholding water and the leaves were MDC-stained and visualized on day 6 by fluorescence confocal microscopy. MDC-labeled structures are visible as green signals. Bars: 25 μm. (**B**) Relative autophagic activity normalized to the activity of WT TRV control plants in (**A**). Quantification of the MDC-stained autophagosomes in the leaves at each treatment was performed to calculate the autophagic activity relative to WT TRV control plants, which was set to 1. More than 300 mesophyll cells for each treatment were used for the quantification. (**C**) TEM images of autophagic structures in the mesophyll cells of WT TRV, TRV-*ATG10* and TRV-*ATG18f* plants or *HsfA1a*OE TRV, TRV-*ATG10* and TRV-*ATG18f* plants. Six-wk-old plants were exposed to dehydration by withholding water and the mesophyll cells were visualized on d 6 by TEM. Autophagic bodies are indicated by red arrows. Bars: 1 µm. (**D**) Relative autophagic activity normalized to the activity in WT TRV control plants in (**C**). More than 20 cells were used to quantify autophagic structures. Results represent the means ± SE. Means with the same letter did not significantly differ at *P*\< 0.05 according to the Duncan multiple range test. Three independent experiments were performed with similar results. Cp, chloroplast; V, vacuole; S, starch; WT, wild-type; OE, overexpressing; 1\#, line of *HsfA1a*OE plants.

Discussion {#s0003}
==========

Studies over the past 20 years have provided a large body of evidence that autophagy plays a critical role in a wide range of important biological processes in plants.[@cit0009] In contrast, our understanding of the regulation of autophagy in plants is extremely limited. In the present study, we provided genetic evidence that HsfA1a, a transcription factor involved in plant stress responses, contributed to the upregulation of autophagy genes and the formation of autophagosomes. Furthermore, autophagy was involved in HsfA1a-mediated tomato drought tolerance. These results provide important new insights into the regulation of autophagy in plant stress responses.

Water scarcity has a dramatic impact on crop growth and productivity.[@cit0034] The phytohormone ABA is produced under water-deficit conditions and plays an important role in the adaptation of vegetative tissues to drought.[@cit0035] ABA promotes stomatal closure in guard cells to reduce transpiration and conserve water, and regulates the expression of many genes that may function in plant dehydration tolerance.[@cit0036] Additionally, various transcription factors play critical roles in plant signaling networks to regulate plant drought tolerance and activate gene transcription and the downstream metabolic system.[@cit0037] The present study demonstrated that drought stress induced the expression of transcription factor *HsfA1a* and silencing of the *HsfA1a* gene made tomato plants hypersensitive to drought stress, while overexpression of the *HsfA1a* gene increased plant drought tolerance ([**Fig. 1**](#f0001){ref-type="fig"}). Collectively, these results indicate that transcription factor HsfA1a plays a critical role in plant drought tolerance. Silencing of the *HsfA1a* gene resulted in an increased reduction of the stomatal aperture compared to the TRV control under drought stress, whereas drought stress induced increased levels of ABA accumulation in TRV-*HsfA1a* plants compared to the TRV control plants ([**Fig. 2**](#f0002){ref-type="fig"}). These results argued against a critical role of ABA-dependent pathways in HsfA1a-mediated plant drought tolerance.

Drought stress is an important threat to plant protein activities through diminution in cellular volume, macromolecular crowding and oxidative damage.[@cit0038] Abiotic stresses, such as drought, cause damage to a variety of cellular structures and macromolecules, including protein denaturation and aggregation.[@cit0039] Molecular chaperones, such as Hsp70, and the LEA proteins (which bind with high affinity to solvent-exposed, nonstructural and hydrophobic regions of denatured proteins), can maintain targeted proteins in their functional conformations and prevent the aggregation of denatured proteins, thereby contributing to cellular homeostasis under mild to moderate stress conditions.[@cit0040] Numerous studies have shown that stress-generated misfolded proteins that cannot reestablish their normal conformation are recognized, ubiquitinated and targeted for degradation by the cellular protein quality control machinery.[@cit0031] We have previously observed that denatured or otherwise damaged cellular proteins are ubiquitinated under heat and oxidative stress conditions in *Arabidopsis* plants.[@cit0043] Ubiquitination is an enzymatic protein post-translational modification (PTM) process in which ubiquitin (Ub, a highly conserved 8-k~D~ protein) is attached to substrate proteins, such as denatured or damaged cellular proteins, in 3 consecutive steps catalyzed by the E1, E2, and E3 enzymes.[@cit0044] Here, we observed a significant increase in the level of insoluble proteins in TRV-*HsfA1a* plants compared with the TRV control plants ([**Fig. 3A**](#f0003){ref-type="fig"}). Under drought stress, the TRV-*HsfA1a* plants but not the TRV control plants displayed a major elevation in the levels of ubiquitinated proteins ([**Fig. 3B**](#f0003){ref-type="fig"}), indicating that drought-induced ubiquitinated proteins are aggregated and accumulated in *HsfA1a*-silenced plants due to reduced degradation.

For targeted degradation, aggregated or damaged proteins formed under stress conditions must be specifically recognized and transferred to the protein degradation systems. When native structures cannot be achieved, molecular chaperones can facilitate their degradation through association with chaperone-dependent ubiquitin E3 ligases that can specifically catalyze the ubiquitination of denatured or misfolded but not native proteins in a chaperone-dependent manner.[@cit0046] Ubiquitinated proteins can be degraded by the UPS and autophagic pathway.[@cit0031] However, the UPS is limited in its capacity to degrade oligomeric and aggregated proteins that are not sufficiently small to fit through the narrow proteasome entrance channel.[@cit0049] The increased accumulation of ubiquitinated proteins in drought- and heat-treated autophagy mutants indicates that autophagy is also a major mechanism underlying the degradation of ubiquitinated proteins under stress conditions in plants.[@cit0031] Indeed, drought stress induced an increase in the transcript levels of *ATG* genes (**Fig. S5**) and the formation of autophagosomes in WT tomato plants ([**Fig. 5B and E**](#f0005){ref-type="fig"}). Moreover, the accumulation of ubiquitinated aggregates in *HsfA1a*-silenced plants was associated with compromised autophagosome formation ([**Figs. 3B and 5A and D**](#f0003 f0005){ref-type="fig"}). The expression of most *ATGs* was still induced under drought stress; however, induction of *ATG10* and *ATG18f* gene expression was compromised in TRV*-HsfA1a* plants under drought stress ([**Fig. 4**](#f0004){ref-type="fig"}), indicating that HsfA1a is necessary for the sustained induction of autophagy in the plant response to drought stress.

The oligomerization domain of HsfA1a is required for the formation of functional trimers under stress conditions,[@cit0050] which can then bind to the HSEs of target genes and regulate their transcription.[@cit0051] The expression of *ATG10* and *ATG18f* was compromised in TRV*-HsfA1a* plants under drought stress, and, interestingly, the promoters of these genes contained HSE boxes ([**Fig. 6A**](#f0006){ref-type="fig"}). HsfA1a directly bound the HSE boxes in the promoters of these 2 autophagy genes based on results from in *vitro* EMSA and in *vivo* ChIP-qPCR assays ([**Fig. 6B to D**](#f0006){ref-type="fig"}), indicating that *ATG10* and *ATG18f* are direct target genes of the HsfA1a transcription factor. In *Arabidopsis*, Atg10 has been identified as the Atg12-conjugating enzyme that was essential for autophagic vesicle formation.[@cit0052] *atg10* mutant plants are hypersensitive to nitrogen and carbon starvation and fail to accumulate autophagic bodies inside the vacuole.[@cit0052] In the present study, genomic database searches with BLASTP identified a single tomato *ATG10* gene that contained several regions with strong amino acid conservation, including a presumed active-site cysteine (Cys176) that forms the thioester intermediate with Atg12 prior to its transfer to Atg5.[@cit0052] Silencing of the tomato *ATG10* gene made the plants hypersensitive to drought stress (**Fig. S7**) and blocked autophagy formation under drought stress ([**Fig. 7**](#f0007){ref-type="fig"}). The plant *ATG18f* gene is a member of the *ATG18* gene family and possesses a sequence similar to the yeast autophagy gene *ATG18*.[@cit0053] In *Arabidopsis*, the transcript level of *ATG18f* was upregulated during nutrient starvation and a combination of drought and heat stress,[@cit0053] indicating that Atg18f potentially played a role in the response to these stress conditions. Indeed, silencing of the tomato *ATG18f* gene compromised plant tolerance against drought stress (**Fig. S7**) and inhibited autophagosome formation ([**Fig. 7**](#f0007){ref-type="fig"}). Thus, the Atg18f protein is likely to be required for autophagosome formation in tomato plants. Importantly, *ATG10*- or *ATG18f* silencing in *HsfA1a*-overexpressing plants resulted in hypersensitivity to drought stress and completely blocked HsfA1a-mediated plant drought tolerance (**Fig. S7**). Likewise, induced autophagy formation in *HsfA1a*-overexpressing plants was significantly reduced by silencing *ATG10* or *ATG18f* ([**Fig. 7**](#f0007){ref-type="fig"}), supporting that the *ATG10* and *ATG18f* were involved in HsfA1a-mediated formation of autophagosomes and drought tolerance. In human breast adenocarcinoma cells, HSF1 (heat-shock factor 1), a master regulator of the heat-shock responses in mammal, was identified as the regulator of cytoprotective autophagy induced by the chemotherapeutic agent carboplatin through an increase in LC3 punctate structures and LC3 and Atg7 protein expression.[@cit0055] Thus, the transcriptional upregulation of autophagy genes does not appear to be as independent in plants as the process observed in mammalian systems.

During the plant stress response, HsfA1a interacts with HsfA2 to form hetero-oligomeric complexes that can synergistically regulate the expression of some *Hsfs* and molecular chaperone *Hsps*, including a number of small *Hsps, DnaJ*/*Hsp40*, and *Hsp70*.[@cit0022] These chaperones assist with a wide range of protein-folding processes to prevent protein aggregation in plant cells under normal and stress conditions.[@cit0041] The transcript levels of several Hsp-encoding genes are significantly reduced in *Arabidopsis hsfA1a* and *hsfA1b* double-knockout mutants,[@cit0051] indicating that HsfA1s play a positive role in protein folding and in preventing aggregation through the regulation of molecular chaperone Hsps. Indeed, silencing of *HsfA1a* induced the accumulation of insoluble protein aggregates in tomato plants under drought stress, and these proteins were highly ubiquitinated ([**Fig. 3**](#f0003){ref-type="fig"}). We have previously observed that silencing of the tomato autophagy genes *ATG5* and *ATG7* or tomato autophagy receptors *NBR1a* and *NBR1b* significantly reduces the heat-induced transcript levels of some Hsp-encoding genes,[@cit0014] indicating that the formation of autophagosomes has a positive feedback effect on the upregulation of Hsfs-activated Hsps. Thus, HsfA1a has dual functions in the regulation of protein aggregates and proteotoxicity in the plant stress response, including the stabilization of unfolded proteins, the prevention of unwanted protein aggregation through the transcriptional upregulation of molecular chaperones *Hsps*, and the degradation of stress-induced protein aggregation through induction of some autophagy genes and the formation of autophagosomes.

In conclusion, we have provided comprehensive genetic and molecular analyses of tomato HsfA1a in induced autophagy and plant drought tolerance ([**Fig. 8**](#f0008){ref-type="fig"}). We demonstrated that HsfA1a acts as a positive regulator of the expression of the autophagy genes *ATG10* and *ATG18f* and the formation of autophagosomes during induction of autophagy under stress conditions, such as drought. Stress-damaged proteins or protein aggregates are recognized and polyubiquitinated by specific E3 ubiquitin ligases and delivered to the expanding phagophores. Expansion and closure of the phagophores result in the formation of autophagosomes, which then can fuse with vacuoles to form autophagic vacuoles in which ubiquitinated proteins or protein aggregates are degraded ([**Fig. 8**](#f0008){ref-type="fig"}). Processing and degradation of stress-induced protein aggregates would increase stress tolerance, leading to increased survival of plants under stress conditions. Figure 8.A proposed model for the induction of autophagy by HsfA1a in tomato plants under drought stress. HsfA1a is first activated under drought stress by increasing transcription and trimer formation. Then, activated HsfA1a binds to and upregulates the expression of *ATG10* and *ATG18f* leading to an increase in autophagy. The increase in autophagy leads to an increase in the degradation of insoluble ubiquitinated protein aggregates and cell survival under drought stress.

Materials and Methods {#s0004}
=====================

Plant materials and experimental design {#s0004-0001}
---------------------------------------

The tomato *Solanum lycopersicum* cv. Ailsa Craig genotype was used in all experiments. Seeds were germinated and grown in 250 cm^3^ plastic pots filled with a mixture of peat and vermiculite (2:1, v:v). The plants were watered daily with Hoagland nutrition solution in the chamber. The growth conditions were as follows: a 14/10 light/dark cycle, 23/21°C day/night temperature, and 600 μmol m^−2^ s^−1^ photosynthetic photon flux density (PPFD).

To induce drought stress, plants in soil were watered to saturation and then exposed to dehydration by withholding water for 13 d. During drought periods, the relative soil water content was measured using a ZigWSN recorder (Ziteng, China) daily to ensure that every pot maintained the same level of water content.

Generation and selection of transgenic plants {#s0004-0002}
---------------------------------------------

To obtain the tomato *HsfA1a* overexpression construct, the 1581 bp full-length coding DNA sequence (CDS) was amplified with the primers *HsfA1a*OE-F (5′-TTGGCGCGCCATGGAGCCGAATTCTTAT-3′) and *HsfA1a*OE-R (5′-GGGGTACCGATCATATGTTTTTGTTG-3′) using tomato cDNA as the template. The PCR product was digested with AscI and KpnI and inserted behind the CaMV 35S promoter in the plant transformation vector pFGC1008-HA. The resulting *HsfA1a*OE-HA plasmid was transformed into *Agrobacterium tumefaciens* strain EHA105. Tomato seeds of Ailsa Craig were used for transformation, as described by Fillatti et al.[@cit0058] Transgenic plants overexpressing the *HsfA1a* transgene were identified by western blotting using an anti-HA (Pierce, 26183) monoclonal antibody (**Fig. S1**). Two independent homozygous lines of the F2 progeny were used in the study.

VIGS constructs and *Agrobacterium*-mediated virus infection {#s0004-0003}
------------------------------------------------------------

TRV VIGS constructs were used to silence the tomato *HsfA1a, ATG10*, and *ATG18f* genes. These genes were generated by PCR amplification using gene-specific primers (**Table S1**), digested with the appropriate restriction enzymes and ligated into the same sites in TRV2. The resulting plasmids were transformed into *Agrobacterium tumefaciens* strain GV3101. *A. tumefaciens*-mediated virus infection was performed as previously described.[@cit0059] The plants were kept at 22°C and used for experiments 3 wk after *A. tumefaciens* infiltration. Leaflets in the middle of the fifth fully expanded leaves, which showed about 30 to 40% transcript levels of control plants, were used.

Stomatal conductance and relative water content determination {#s0004-0004}
-------------------------------------------------------------

Stomatal conductance was detected according to Xia et al.[@cit0060] After 6 d drought, tomato leaves abaxial epidermises were peeled with forceps and floated on buffer (30 mM KCl, 10 mM 2-\[N-morpholino\]-ethanesulfonic acid \[MES\], pH 6.15). The stomatal apertures were measured using a light microscope equipped with a digital camera (Leica Microsystems, Germany).

The leaves of relative water content was measured according to Zhou et al.[@cit0061] The fresh weights of the terminal leaflets were measured as Fw. Then, the leaves were immersed in distilled water in darkness for 24 h to obtain the fully turgid weight (Tw). Leaves were dried in an oven at 70°C for 48 h and weight the dry weight (Dw). The relative water content was calculated as follows: RWC (%) = (Fw-Dw)/(Tw-Dw) ×100.

ABA measurements {#s0004-0005}
----------------

ABA contents were measured according to Welsch et al.[@cit0062] with modification. Briefly, 0.3 g of frozen leaf tissues was ground and homogenized in 3 ml of ethyl acetate containing 100 ng ml^−1^ \[^2^H~6~\](+)-cis,trans-ABA (OlChemlm Ltd., 35671--08--0) as an internal standards. The homogenate was shaken for 12 h in the dark at 4°C and then centrifuged at 15,000 × g for 10 min. The supernatant fraction was transferred to a new tube; then, the pellet was re-extracted with 3 ml of ethyl acetate and combined with the supernatant fraction. The supernatant fraction was eluted through a Sep-Pak C18 cartridge (Waters, WAT020805) to remove the polar compounds and dried under nitrogen. Dried samples were resuspended in 0.5 ml of 70% methanol (v/v). Then, the samples (20 µL) were analyzed by HPLC electrospray ionization/MS-MS using an Agilent 1290 HPLC (Agilent Technologies, Germany) coupled to an Agilent 6460 triple Quad LC/MS (Agilent Technologies, Germany). Chromatographic separation was performed on an Agilent XDB 3.5 µm C18 150 mm × 2.1 mm column at 40°C. The solvent gradient consisted of solvent A (0.1% formic acid aqueous water) and solvent B (100% methanol) at a flow rate of 0.3 ml/min over 20 min with the following gradient setup: 0 to 1.5 min, A: B at 60: 40; a 6.5 min; switch to A: B of 0: 100; and the return of solvent A: B to 60: 40 for 5 min until the end of the run. \[^2^H~6~\](+)-cis,trans-ABA was used to estimate the recovery rate of the ABA content, which was quantified using the external standard.

Total RNA extraction and gene expression analysis {#s0004-0006}
-------------------------------------------------

Total RNA was isolated from tomato leaves using RNAsimple Total RNA Kit (Tiangen, DP419) according to the manufacturer\'s instructions. Total RNA (1 μg) was used to reverse transcribed for cDNA template using the ReverTra Ace qPCR RT Kit (Toyobo, FSQ-301).

The qRT-PCR assays were performed using an LightCycler® 480 II Real-Time PCR detection system (Roche, Swiss). PCRs were performed using the SYBR Green PCR Master Mix (Takara, RR420A). The PCR conditions consisted of denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 58°C for 15 s and extension at 72°C for 30 s. The tomato *Ubi3* gene was used as an internal control. Gene-specific primers were designed according to cDNA sequences as described in supplemental **Table S2**. Relative gene expression was calculated as described as Livak and Schmittgen.[@cit0063]

Protein extraction and western blotting {#s0004-0007}
---------------------------------------

For protein extraction, tomato leaves were ground in liquid nitrogen and homogenized in extraction buffer (100 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1 mM EDTA, 1% Triton X-100 \[Aladdin, T109026\], 1 mM phenylmethylsulphonyl fluoride and 0.2% β-mercaptoethanol). The soluble, insoluble and ubiquitinated proteins were detected as described as our previous study.[@cit0031] The homogenates were filtered through a 300-μm and then 100-μm nylon mesh. Half of the filtered samples were kept to detect total proteins. Other samples were clarified by centrifugation at 2,200 × g for 5 min. Supernatant fractions were kept to detect soluble proteins. The pellet fractions were resuspended in the same buffer and subjected to the low speed centrifugation. The process was repeated twice and after the last centrifugation the pellet fractions were resuspended to detect insoluble protein. The concentrations of proteins in the homogenates (total proteins), the first supernatant fractions (soluble proteins) and last pellet fractions (insoluble proteins) were determined using Bio-Rad protein assay kit (500--0001). The denatured protein extracts were separated using 12% sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE). For Atg8a detection, the denatured protein was separated on a 13.5% SDS--PAGE gel in the presence of 6 M urea. For western blotting, the proteins on the SDS--PAGE gel were transferred to a nitrocellulose membrane. The membrane was blocked for 1 h in TBS buffer (20 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween 20 \[Amresco, 0777\]) with 5% skim milk powder at room temperature, and then incubated for 1 h in TBS buffer with 1% BSA (Amresco,0332) containing a mouse anti-ubiquitin monoclonal antibody (Sigma-Aldrich, U0508), or rabbit anti-Atg8a polyclonal antibody (Abcam, ab77003). After incubation with a goat anti-mouse HRP-linked antibody (Millipore, AP124P) or goat anti-rabbit HRP-linked antibody (Cell Signaling Technology, 7074), the complexes on the blot were visualized using the SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, 34080) following the manufacturer\'s instructions.

MDC staining {#s0004-0008}
------------

To visualize the accumulation of autophagosomes, tomato leaves were excised and then immediately vacuum infiltrated with 100 μM MDC (Sigma-Aldrich, 30432) for 30 min, followed by 2 washes with phosphate-buffered saline (PBS; Solarbio, P1020) buffer. MDC-incorporated structures were monitored under a LSM 780 confocal microscope (Zeiss, Germany), excited by a wavelength of 405 nm and detected at 400 to 580 nm according to the method of Zhou et al.[@cit0014]

TEM analysis {#s0004-0009}
------------

For transmission electron microscopy, tomato leaves were excised and immediately cut into small pieces (∼1 mm × 4 mm), then fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate (PBS) buffer (pH 7.0) for 12 h in the dark. After washes with PBS buffer, the samples were fixed for 2 h in 1% (v/v) osmium tetroxide at room temperature; then, the samples were dehydrated in a graded ethanol series (30 to 100%; v/v) and embedded in Epon 812. Ultrathin sections (70 nm) were prepared on an ultramicrotome (Leica EM UC7, Germany) with a diamond knife and collected on Formvar-coated grids. The sections were examined using a H7650 transmission electron microscope (Hitachi, Japan) at an accelerating voltage of 75 kV to observe autophagosomes and autophagic bodies.[@cit0032]

Recombinant protein and EMSA analysis {#s0004-0010}
-------------------------------------

The tomato HsfA1a recombinant protein was prepared as previously described.[@cit0065] Briefly, the full-length *HsfA1a* CDS was amplified with the gene-specific primers: forward primer, 5′-AAGGAAAAAAGCGGCCGCATGGAGCCGAATTCTTAT-3′ and reverse primer, 5′-CCGCTCGAGTTAGATCATATGTTTTTG-3′. The PCR product was digested with NotI and XhoI and ligated into the same sites of pET-32a vector. The recombinant vector was transformed into *E.coli* strain BL21 (DE3). Expression of the recombinant proteins was induced by isopropyl β-D-1-thiogalactopyranoside and purified according to the instructions of the Novagen pET purification system.

The probes were biotin end-labeled according to the instructions of the Biotin 3′ End DNA Labeling Kit (Pierce, 89818) and annealed to double-stranded probe DNA. EMSA of the HsfA1a--DNA complexes was performed according to the instructions of the LightShift Chemiluminescent EMSA kit (Thermo Fisher Scientific, 20148).

Chromatin immunoprecipitation (ChIP) {#s0004-0011}
------------------------------------

ChIP experiments were performed according to the instructions of the EpiQuik™ Plant ChIP Kit (Epigentek, P-2014). Approximately 1 g of leaf tissue was harvested from drought stress *35S-HsfA1a*-HA and wild-type plants. Chromatin was immunoprecipitated with an HA antibody (Pierce, 26183); goat anti-mouse IgG (Millipore, AP124P) was used as the negative control. ChIP-qPCR was performed with primers specific (**Table S3**) for the *ATG5, ATG8e, ATG10, ATG13b* and *ATG18f* promoters.

Statistical analysis {#s0004-0012}
--------------------

At least 5 independent replicates were used for each determination. Statistical analysis of the bioassays was performed using the SPSS18 statistical package. Experimental data were analyzed with Duncan multiple range test at *P* \< 0.05.
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